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Kiindig and Timms'"! as well as Elschenbroich and Mockel™
independently prepared and isolated the first homoleptic
naphthalene complexes of zero-valent metals ([M(n‘-
CyoHy),]; M=V, Cr, Mo), and discovered their remarkable
ability to function as “naked” metal atom reagents in
reactions with carbon monoxide and other good acceptor
ligands.”! Subsequently, anionic versions were reported,
including [Zr(n*-CyHs)s]~ ¥ [Ta(n*-CyoHy)s]~ (1), and [Co-
(m*-CoHy),]~ .1 These latter species are of substantial interest
in chemical synthesis as storable sources of atomic metal
anions.”! Thus, they are promising precursors to new classes of
homoleptic metalates'™ or other compounds that may not be
available by other routes, including metal-atom vapor syn-
theses.!

Efforts to extend this series of naphthalenemetalates to
other transition metals have been hindered, often greatly, by
their highly reactive and/or thermally unstable natures,
particularly in solution. For example, homoleptic
naphthalenemetalates of niobium and tantalum were origi-
nally proposed to be intermediates in the atmospheric
pressure syntheses of the hexacarbonylmetalates(1—) from
the respective MCl; mediated by alkali-metal-naphthalene
species.'”? Although the tantalum—naphthalene precursor was
much later identified as 1,1} attempts to isolate and character-
ize a presumed homoleptic naphthaleneniobate(1—) (2) have
so far failed."!! However, a recent synthesis of the first well-
defined naphthalenecobaltate(1—) ([Co(n*C,;Hg)(n*cod)];
cod =1,5-cyclooctadiene), obtained by mixing cod with a
thermally unstable precursor,” suggested that a similar
approach might yield an unprecedented isolable napthalene-
niobate, which could function as a convenient source of
atomic Nb~ ions in chemical reactions.

The addition of variable amounts of cod to 2 under a
variety of conditions did not lead to any tractable products,
but treatment of orange-brown slurries of 2 in tetrahydro-
furan at —78°C with an excess (ca. 10 equiv) of trimethyl-
phosphane (PMe;) afforded deep red-orange solutions, which
persisted at room temperature for several hours. From this
reaction mixture, the satisfactorily pure anion [Nb(n*-C,Hj),-
(PMe;),]” (3) was isolated in 60-70% yields, based on
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[NbCl,(thf),] [Eq.(1)] (DME =1,2-dimethoxyethane) as a
highly air-sensitive bright orange microcrystalline [Na(thf)]

DME

[NDCI(thf),] + 5NaCyyHy e [2]

meore, [Na(thD))(3]
~7810+20°C 68% yield

—4NaCl
—DME

salt (see the Experimental Section). Compound 3 is signifi-
cant as it is the only naphthalene derivative of the unknown
homoleptic naphthaleneniobates [Nb(n'-C,,Hg);]” and [Nb-
(m*-CioHg),]”, and is a precursor to an unprecedented
niobium-butadiene complex (see below). It is also the first
niobium-naphthalene complex to be described, which is
surprising because numerous other niobium arenes have been
reported!” and several vanadium-*'% and tantalum-naph-
thalene®™ ' complexes are well-established. However, none of
these prior complexes are analogous to 3.

The 'H and *C NMR spectra of the 18-electron anion 3
are unexceptional and entirely consistent with its formulation,
and show resonances characteristic of n*-naphthalene!** and
PMe; groups bound in a 1:1 ratio to an electron-rich metal
center. Interestingly, the average *C chemical shifts and Jy
values for the coordinated outer or 1,4-carbon atoms, which
are particularly sensitive to the metal environment, suggest
that the degree of metal to m*(diene) back-bonding, or o’n
character™ of the coordinated naphthalene groups, is some-
what greater in 3 than in 1 or even the dianion [Zr(n*
CioHg);]*~.'1 Thus, the presence of two good donor PMe;
groups appears to strengthen the metal-naphthalene inter-
actions in 3, compared to those in known homoleptic
naphthalenemetalates and is likely to be an important factor
in the stabilization of 3 relative to a homoleptic naphthale-
neniobate(1—).

A single-crystal X-ray study on 3, as the [Na-
([2.2.2]cryptand)]* salt, revealed normal cations, well-sepa-
rated from two nearly superimposable independent anions,
one of which is shown in Figure 1.""! Structures of the anionic
components confirmed the formulation of 3 derived on the
basis of NMR spectroscopic and bulk elemental analytical
data. Anion 3 has two equivalent n*-naphthalene moieties
bound to a niobium center, which has an approximate
octahedral geometry with cis-PMe; groups. Interatomic dis-
tances associated with the niobium-n*-diene units in 3 show a
normal long-short-long pattern in the C—C bonds, similar to
that in 1,8 and characteristic of strong metal to diene back-
bonding.!"”! The corresponding Nb—C(diene) bonds have a
definite long-short-short-long pattern, which is unusual
among early-transition-metal-diene complexes,'>"” but
well-precedented in Wreford’s crowded Ta'-naphthalene
complex [TaCl(n*-C,oHg)(dmpe),] (dmpe = 1,2-bis(dimethyl-
phosphano)ethane).'"* ! All other data for 3, and the
tantalum complex, indicate the presence of substantial
metal-naphthalene back-bonding.”*>!!

Undoubtedly the most exciting reaction of 3 discovered to
date, and one which establishes its utility as a storable source
of naked Nb~ ions, is that with excess 1,3-butadiene, which
affords the tris(butadiene)metal complex [Nb(n*-C,He);]~ (4).
Anion 4 was isolated as satisfactorily pure microcrystalline
colorless [Na([18]crown-6)(thf),s]* or orange [N(PPhs),]*-
(PPN) salts (PPN = bis(triphenylphosphane)iminium) in 40—
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Figure 1. Molecular structure of anion 3. Thermal ellipsoids are set at
the 50% probability level, with hydrogen atoms omitted for clarity.
Selected bond lengths [A] and angles [°]: Nb-C1 2.417(4), Nb-C2
2.285(3), Nb-C3 2.280(3), Nb-C4 2.400(3), Nb-C11 2.404(3), Nb-C12
2.290(4), Nb-C13 2.275(4), Nb-C14 2.390(4), Nb-P1 2.575(1), Nb-P2
2.573(1), C1-C2 1.456(5), C2-C3 1.395(5), C3-C4 1.456(5), C11-C12
1.455(5), C12-C13 1.402(5), C13-C14 1.442(5), P1-Nb-P2 93.38(3),
Nb-centroid(n®*) 1.99, centroid (n*)-Nb-centroid(n*) 126.

50% vyields [Eq.(2)].”' The corresponding salts of the
analogous tantalate [Ta(n*-C,H);]~ (5) were obtained in

[Na(thf)][3]+excess C4Hy THE 7€, [Werowns,
[Na([18]crown-6)(thf),s][4]  (2)

46 % yield

60-70% yields from the interaction of 1 with 1,3-butadiene
(see the Supporting Information for details). Although air-
sensitive, these salts of 4 and § are quite thermally robust. For
example, [PPN][4] has a melting point (with decomposition)
of 190-193°C. Products 4 and 5 are of interest as the first well-
defined anionic homoleptic butadiene complexes of the early
transition metals®’ and are isoelectronic with the long-known
neutral Group 6 species [M(n*-C,Hy);], M = Mo (6), W (7).l
Subsequent experimental and computational studies on 6,
7, and other butadiene complexes, particularly those of the
early transition metals,”® have shown that 1,3-butadiene is an
outstanding acceptor ligand. As such, it qualitatively resem-
bles carbon monoxide, and like the latter,”” should be
capable of providing anionic homoleptic complexes for most
d-block elements. For this reason, it is astonishing that only
three well-defined anions of this type have been previously
reported, all for later 3d-block metals: [Co(n*-C,Hy),]” %)
[Co(n*-1,4-1Bu,C,;H,),] " and [Fe(n*-C,Hg),] .

The 'H and “CNMR spectra of 4 and 5 are nearly
identical, independent of the cation, and qualitatively match
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the spectra previously reported for 6 and 7.*%3!l However,

the chemical shifts for the outer 1,4-carbon atoms and
associated hydrogen atoms in 4 and 5 appear markedly
upfield relative to their naphthalene precursors, 1 and 3,
respectively, as well as 6 and 7. Also, the Jy value for the 1,4-
carbon atoms in 5 (140 Hz)" is smaller than the correspond-
ing values found for 1, 3'1 6, 7, or free butadiene,” and is
indicative of a greater degree of sp® hybrid character for these
carbon atoms in tantalate 5.

Single-crystal X-ray studies confirmed the formulations of
4 and 5 as the [Na(dibenzo[18]crown-6)(thf),]** and
[PPN]*B) salts, respectively. Both sets of salts contain
essentially identical anionic units (Figure2 for 5, as the

Figure 2. Molecular structure of anion 5. Thermal ellipsoids are set at
the 50% probability level, with hydrogen atoms omitted for clarity.
Selected bond lengths [A] and angles [°]: Ta-C1 2.288(5), Ta-C2
2.396(5), Ta-C3 2.412(5), Ta-C4 2.296(5), Ta-C5 2.281(5), Ta-C6
2.415(5), Ta-C7 2.415(5), Ta-C8 2.306(6), Ta-C9 2.301(5), Ta-C10
2.397(5), Ta-C11 2.400(5), Ta-C12 2.310(5), C1-C2 1.454(7), C2-C3
1.368(8), C3-C4 1.429(7), C4-C6 1.454(7), C6-C7 1.367(8), C7-C8
1.447(9), C9-C10 1.429(7), C10-C11 1.350(8), C11-C12 1.443(8),

av Ta-centroid(n*) 1.986, av centroid (n*)-Ta-centroid(n*) 120.

complexed Na' salt), well separated from unexceptional
cations. Only details of the structures of anions in the slightly
better resolved sodium salts will be described herein. Anions
4 and 5 display a trigonal prismatic arrangement of ligands
about the metal center, similar to that previously described
for 1° and 6.%****! The M—C and C—C bonds in 4 and 5 show
well-defined short-long-long-short and long-short-long pat-
terns, respectively, typical for complexes of early transition
metals with n*-1,3-dienes.'"""”! Interestingly, both structural
and NMR data suggest that the diene ligands in 4 and S have
more dianion character than those in uncharged 6. How-
ever, it is significant that 4 and 5§ have appreciably longer
average (outer) M—C1/C4 bonds, 2.33(1) and 2.30(1) A,
respectively, than the corresponding bond, 2.22(1) A,
reported for the trigonal prismatic d°M(V) complexes [M-
(CH,)6]", M=Nb, Ta,”” in which only M—C o bonding is
present.”® These and other data presented herein indicate
that both M—C o and & bonding in 4 and § are important, and
computational studies will be necessary to shed more light on
the electronic structures of these presently unique diamag-
netic anions.
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Details on the chemical properties of 4 and 5 will be
described elsewhere, but it is noteworthy that they undergo
facile protonation by triethylammonium chloride in THF to
afford the previously known mixed 1-methylallyl-butadiene
complexes [M(n-1-MeC;H,)(n-C,Hg),] M =Nb (8) and Ta (9)
in good yields [Eq. (3)]. These neutral complexes may form

THF,20°C
M(n-C,Hy)s]™ + [EtaNH]ClT’ [M(1-MeG;H,)(C,Hg),]
~EuN 8, 82 % yield (3)
9, 59 % yield

via the intermediacy of the unknown isomeric hydrides
[HM(C,Hg);], and are of particular significance to this
research because they were originally prepared and isolated
from the reactions of Nb and Ta atoms with excess 1,3-
butadiene in a metal-atom reactor.”” That these latter
syntheses provided 8 and 9 rather than the evidently more
reactive (and still unknown) neutral 17-electron homoleptic
butadiene complexes, [M(C,H¢);] (M =Nb, Ta), provides a
particularly striking example of where the use of anionic
“naked” metal atom sources is of vital importance in
permitting access to a previously unknown class of transi-
tion-metal compounds, namely, anions 4 and 5.

In summary, we have prepared, isolated, and fully
characterized the first naphthalene-niobium complex [Nb-
(m*-CoHyg),(PMes),]~ (3), which was shown to be a useful
storable source of atomic Nb~ ions in its reaction with 1,3-
butadiene to afford the unprecedented homoleptic butadiene
complex [Nb(n*-C,H);]~ (4). The tantalum analogue [Ta(n’-
C,Hg)s]™ (5) was also obtained from an analogous reaction of
1,3-butadiene with the labile naphthalenetantalate(1—) 1.
Compounds 4 and S are of additional interest because they
are the first isolable homoleptic butadienemetalates of 4d and
5d metals. Their syntheses and the prior existence of late 3d
metal homologues,**>"! strongly suggests that homoleptic
butadienemetalates should be available for many other d-
block elements.

Experimental Section

2: This presently uncharacterized sodium naphthaleneniobate was
obtained by the reaction of [NbCl,(thf),] with five equivalents of
NaC,jHg in DME, as summarized in Equation (1). Details are
provided in the Supporting Information.

3: A solution of PMe; (2.92 g, 38 mmol) in THF (100 mL, —75°C)
was added to solid 2 (5.19 g), also at —75°C. The reaction mixture was
slowly warmed to room temperature with stirring in an argon
atmosphere over 13 h. Following filtration and evaporation of solvent
(about 85 mL) under vacuum, pentane (100 mL) was added, with
stirring, to precipitate the product as satisfactorily pure orange
microcrystals of [Na(thf)][Nb(n*-C,;Hy),(PMe;),] (2.64 g, 68 %, based
on the amount of [NbCl,(thf),] employed to prepare 2). Elemental
analysis (%) calcd for C3,H,,NaNbOP,: C 60.41, H 7.10; found: C
60.10, H 7.13. 'TH NMR (300 MHz, [Dg]THF, 20°C, cation resonances
omitted; Np =naphthalene) 6 =0.63 (d, 18H, PMej;), 1.48 (m, 2H,
H1, H11, Np), 1.86 (m, 2H, H4, H14, Np) 3.56 (m, 2H, H2, H12, Np),
4.22 (m,2H, H3, H13, Np), 5.69, 5.76 ppm (m, 8 H, exo-benzene rings,
Np); °C{'H} (75 MHz, [Dy]THF, 20°C). 6 =22.6 (d, CH,, PMe;), 53.1
(C1, C11,Np), 61.4 (C4, C14, Np), 68.3 (C3, C13, Np), 81.0 (C2, C12,
Np), 117.3, 118.0, 118.6 (exo-benzene rings), 152.5, 154.8 ppm (C9,
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C10, C19, C20, Np). *'P{'H} (121 MHz,, [Ds]THF, 20°C) 6 =5.1ppm
(brs). The identification of C and H resonances was established by
"H-"C HMQC and COSY 2D NMR spectroscopy, as well as from
trends previously established for n*-naphthalene complexes,**! but no
unique assignments of the resonances for the exo-benzene hydrogen
or carbon atoms were possible. X-ray quality single-crystals of 3 were
obtained by treating [Na(thf)][3] (76 mg) with [2.2.2]cryptand
(59 mg). The mixture was dissolved in THF (15mL) and layered
with pentane. Slow diffusion at 20°C afforded suitable single crystals
of [Na([2.2.2]cryptand)][3] within 5 days. These crystals possessed
identical spectroscopic properties for the anionic component as the
[Na(thf)] salt.

4: A solution of [18]crown-6 (0.263 g, 0.995 mmol) in THF
(15 mL) was added to a solution of [Na(thf)][3] (0.527 g, 0.883 mmol)
in THF (15 mL) in an atmosphere of argon. The argon was evacuated
and 1,3-butadiene (500 mL) at 20°C and 1 atm pressure (ca. 20 mmol)
was introduced. After stirring the mixture for 23 h, excess pentane
(100 mL) was added, which caused precipitation of an off-white solid.
This was isolated by filtration, washed with pentane (2 x5 mL), and
dried under vacuum. An additional crystallization from THF/pentane
afforded satisfactorily pure colorless solid [Na([18]crown-6)(thf),s][4]
(0.253 g, 46 % ). Elemental analysis (%) calcd for C,sH,s04sNaNb: C
53.98, H 8.01; found: C 53.64, H 7.89. "H NMR (300 MHz, [Dg|] THF,
20°C, cation resonances omitted, integration of resonances consistent
with bulk elemental analysis values) 0 =—0.30 (brm, 6 H, endo-H1,
H4), 1.09 (M, 6H, exo-H1, H4), 439 ppm (m 6H, H2, H3) “C{'H}
(75 MHz, [Dg]THF, 20°C, cation resonances omitted) 0 =35.7 (brs,
C1, C4), 105.2 ppm (s, C2, C3). X-ray quality single-crystals of 4, as
the [Na(dibenzo[18]crown-6)(thf),]* salt, were grown within 2 days as
colorless plates from a pentane-layered THF solution at 20°C. The
latter salt was prepared by the same procedure shown above, except
dibenzo[18]crown-6 was used instead of [18]crown-6 in the complex-
ation step. The NMR spectra of 4 in these two salts were identical.

See the Supporting Information section for the preparation of 2,
from which well-defined salts of 3 were obtained; synthesis of [PPN]*
salts of 4 and 5; a figure of anion 4 in the [Na(dibenzo[18]crown-
6)(thf),]* salt; synthesis of [Na(crown ether)]” salts of 5; and
protonation of 4 and 5 to produce 8 and 9, respectively.
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least-square refinement on F?; b) Crystal data for [{Na-
(dibenzo[18]crown-6)(thf),][5]},](THF): CgyH 5,Na,0;Ta,,
M,=1813.71, monoclinic, space group P2/c, colorless plate,
a=19.945(3), b=21.171(3), c =19.829(3) A, $=97.300(3)°, V =
8305(2) A%, Z=4, T=173(2) K, A=0.71073 A, 80075 reflec-
tions, 14683 independent, R1=0.0385, wR2=0.0803 (for all
data), ©=2.708 mm~' (SADABS), full-matrix least-squares
refinement on F”. See reference [17] for CCDC numbers and
related information.

Details on the X-ray studies of the [PPN]" salts of 4 and 5 will be
described elsewhere: V.J. Sussman, J. E. Ellis, unpublished
results. Crystal data for [PPN][4]: C,H,NNbP,, M, =793.72,
monoclinic, space group P2,/n, orange needle, a =13.716(3), b =
17.213(3), c =16.658(3) A, =90.217(3)°, V=3933(1) A’, Z=4,
T=123(2 K, wR2 (all data) =0.0834 with GOF on F* of 1.050.
Crystal data for [PPN][5]: C,sH4sNP,Ta, M, = 881.76, monoclinic,
space group P2,/n, orange plate, a =13.734(4), b =17.263(5), c =

[36]

[37]
(38]

39]
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16.638(5) A, f=90.218(3)°, V=3945(2) A%, Z=4, T=123(2) K,
wR?2 (all data) =0.0675 with GOF on F” of 1.012.

a) For example, in 5 the average outer and inner M—C bonds are
2.297(11) and 2.406(9) A, respectively, whereas the correspond-
ing values for 6 are 2.285(2) and 2.325(2) A; b) for 5, the average
outer and inner C—C bond lengths are 1.44(1) and 1.36(1) A,
respectively, whereas analogous values for 6 are 1.414(4) and
1.403(5). The corresponding average M—C and C—C bond
lengths for niobate 4 are close to those of 5, but suggest that
the niobium functions as a slightly weaker & donor than does
tantalum in these complexes.
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